A mucoadhesive drug delivery system can improve the effectiveness of a drug by maintaining the drug concentration and allowing targeting and localization of the drug at a specific site. Acrylic-based hydrogels have been used extensively as a mucoadhesive system owing to their flexibility and excellent bioadhesion. In this experiment, poly(acrylic acid) was selected to prepare the bioadhesive hydrogel adhering to mucosal surfaces using a radiation process. Poly(acrylic acid) was dissolved in water to a prepare poly(acrylic acid) solution, and the solution was then irradiated by an electron beam at up to 75 kGy to make hydrogels. Their physical properties, such as gel percent, swelling percent and adhesive strength to mucosal surfaces, were investigated. Triamcinolone acetonide was used as a model drug. The dried poly(acrylic acid) film was dipped in a 0.1 wt% triamcinolone acetonide solution in ethanol, and then dried at 25 °C. The release of triamcinolone acetonide was determined at different time intervals, and UV (Ultraviolet)-Vis spectroscopy was used to determine the released concentration of triamcinolone acetonide at 238 nm. It was shown that poly(acrylic acid)-based drug carriers were successfully prepared for use in a bioadhesive drug delivery system.
Introduction
Drug delivery systems have been used for reducing side effects, enhancing therapeutic efficacy and improving patient compliance. Many different kinds of polymers have been examined as potential carriers to deliver a drug in an efficient and controlled manner. A transmucosal drug delivery (TMD) system is one of many different methods used in drug delivery systems. A TMD system is applied on a mucous membrane and delivers a drug across the mucous membrane to achieve a local or systemic effect for an extended period of time [1, 2] . Many drug delivery systems are based on so-called mucoadhesive polymers. Mucoadhesion is another version of bioadhesion, because the target is still the underlying tissue. These polymers are able to swell rapidly when placed in an aqueous environment and, therefore, exhibit a controlled drug release [3] . The interaction between the mucus and mucoadhesive polymers is a result of physical entanglement and secondary bonding, mainly H-bonding and van der Waals attraction. These forces are related to the chemical structure of the polymers [4] . Typical polymers that have been used as mucoadhesive drug carriers include poly(acrylic acid) (PAA), poly-(methacrylic acid), carboxymethyl cellulose and hydroxypropyl methylcellulose [5] [6] [7] [8] . The high water solubility of PAA critically limits its use as a TMD system to be applied in the buccal mucous membrane, because it may dissolve before the desired duration for the drug to permeate across the membrane [9] .
The objectives of this study were to decrease the water solubility of PAA by preparing a PAA hydrogel by electron beam irradiation and to maintain its mucoadhesive property in a TMD system. Polymer hydrogels are defined as physically or chemically crosslinked polymer networks to absorb a large amount of water without being dissolved [10, 11] . There are two methods to prepare hydrogels using hydrophilic polymers. One is the use of radiation for the hydrogels. The other is the use of chemicals for the crosslinking networks. It is well known for the latter that residual chemical to crosslinking affects living cells when the polymer is used as a biomaterial. In this experiment, the radiation process was tried to prepare a bioadhesive drug delivery system.
Experimental Section

Materials
Poly(acrylic acid) (PAA) with M W 1,000,000 was purchased from Waco Pure Chemical Industries, Ltd. (Osaka, Japan) and used without further purification. Triamcinolone acetonide (TAA) was supplied by Sigma Aldrich (St. Louis, MO, USA) and also used without further purification.
Preparation of Hydrogels for Drug Carriers
In this experiment, PAA was selected to prepare the bioadhesive hydrogel adhering to mucosal surfaces using a radiation process. PAA was dissolved in water to prepare 1, 3, 5, 7 and 9 wt% aqueous PAA solutions; the 3-mL PAA solution was put in a 35-mm petri dish and irradiated by an electron beam accelerator (10 MeV/1 mA, Jeongup site of KAERI, Junbuk, Korea) at up to 75 kGy to make the hydrogels.
Determination of Gelation
The hydrogels prepared by irradiation were dried to measure the gelation. The dried hydrogels were extracted with water for 24 h at room temperature in order to extract the insoluble parts of the hydrogel. The insoluble part, i.e., the gelled part, was taken out and washed with water to remove the soluble part and then dried and weighed. This extraction cycle was repeated until the weight became constant. The gel percent in the hydrogel was determined from the following equation:
where W d and W e represent the weights of the dry hydrogel and the gelled part after extraction, respectively.
Determination of Swelling
The dried hydrogels, which were punched into discs, were weighed and allowed to swell in distilled water. The degree of swelling at equilibrium swelling was calculated as follows:
where W d and W s represent the weights of dry and wet hydrogel, respectively.
Mucoadhesive Strength
A buccal mucose of pig was used to determine the mucoadhesive properties of the hydrophilic crosslinked poly(acrylic acid). Hydrogels with a 3-mm thickness were dried, cut into a circle with a 10-mm diameter and then fixed to the cylindrical probe (10 mm in diameter) by double-sided adhesive tape ( Figure 1 ). The buccal mucose specimen of a pig was cut into a 30 mm × 30 mm size, and fixed to the surface of a stainless steel plate. Peel testing of the sample film was carried out using a texture analyzer (TA.XT2i, Stable Micro Systems Ltd., Godalming, UK) with a 50-N load cell equipped with a mucoadhesive holder. Figure 1 shows a schematic of the mucoadhesive test process. A test probe with dried film was then moved downward to make contact with the wet mucose surface. By using the texture analyzer, the maximum force required to separate the probe from the mucose (i.e., maximum detachment force; F max ) is calculated directly using Texture Exponent 32 software (Texture Technologies Corp, Hamilton, MA, USA).
Drug Release
TAA was used as a model drug. The PAA film, which was dried from a hydrogel, was dipped in a 0.1 wt% TAA solution in ethanol and then dried at 25 °C. The drug release was determined by putting it in a PBS (Phosphate buffered saline) (pH 7.4) in the vial and shaking with an Orbital Shaker (Scientific Industries, INC., New York, NY, USA) at 100 rpm at room temperature. The release of TAA was determined at different time intervals, and UV-Vis spectroscopy (BioTek Instruments, Inc., Winooski, VT, USA) was used to determine the concentration of triamcinolone acetonide at 238 nm. 
Results and Discussion
Gel Percent and Swelling Behavior
Thus far, a considerable number of studies have been performed on the crosslinking of PAA in aqueous solution by using irradiation [12] [13] [14] . Generally, the PAA hydrogels were crosslinked through free radical formation on the polymer chains during the exposure to irradiation. Furthermore, the radiolysis of water molecules generates the formation of hydroxyl groups, which can attack polymer chains, resulting in the formation of microradicals [15] .
The effect of irradiation dose on the gel percent in various concentrations of PAA is shown in Figure 2 . It was observed that the gel part increased with an increase in irradiation dose and the concentration of PAA. Crosslinking by radiation transforms a linear polymer into a three-dimensional molecule, resulting in a significant increase with a lower solubility in organic solvents. Therefore, it is explained that the increase in the gel fraction by irradiation and the concentration of PAA, as shown in Figure 2 , is mostly due to the crosslinking of the polymer. Figure 3 shows the swelling behavior of the dried PAA films in distilled water. In this experiment, the radiation dose was 50 kGy. It was observed that the polymer swelling decreased with an increase in the concentration of PAA. This is attributable to the three-dimensional network in water increasing with the concentration of PAA, resulting in a restriction in the mobility of the polymer chains. These lead to a decrement in the swelling of the hydrogel. 
Mucoadhesive Properties
The mucoadhesive strength for the application of buccal mucosa is important to prolong the residence time of the drug. The buccal mucose from a pig was used to determine the mucoadhesive properties of the hydrophilic crosslinked PAA-based specimens. Hydrogels of 3 mm in thickness were dried, cut into 10 mm diameter circles and then fixed to a cylindrical probe (10 mm in diameter) using double-sided adhesive tape (Figure 1a ) . A buccal mucose specimen of pig was cut into a 30 mm × 30 mm size and fixed to the surface of a stainless steel plate. Peel testing of the sample film was carried out using a universal mechanical tester equipped with a mucoadhesive holder. The probe with a PAA-based polymer disc was pulled out at a speed of 0.5 mm/s after attachment to the mucose surface at a contact force of 0.05 N and a contact time of 60 s. Shin et al., reported that the mucoadhesive strength of the pluronic F127 polymer was about 10 kPa [16] . Figure 4 shows the average mucoadhesive strength between PAA films and the mucose surface as the contents of PAA increased from 1% to 9%. In this experiment, the irradiation dose of PAA films was 50 kGy. The mucoadhesive strength decreased with an increase the concentration of PAA. As shown in Figure 4 , 1 wt% PAA had a mucoadhesive strength, which was 62 kPa.
As a possible mechanism, the lower swelling ratio at a higher crosslinking resulted in a decrease in mucoadhesive strength. Generally, the mucoadhesion occurs in the mucosa environment; carboxyl groups interact with mucin molecules in their protonated form [17] . The role of the carboxyl group is the formation of hydrogen bonds with mucin molecules [16] . However, the mucoadhesive strength at a higher concentration of PAA was decreased despite the increased number of carboxyl groups. The probable reason for this result is that the chain flexibility of the polymer chain is decreased, due to the high crosslinking density. The chains of polymer having high flexibility may create more of the interfacial contact and provide a better environment for entanglement between the polymer and the mucin molecules [17] . 
Release Rate
The dried PAA (content: 1 wt%; irradiation dose: 50 kGy) film was dipped in a 0.1 wt% triamcinolone acetonide (TAA) solution in ethanol and then dried at 25 °C. The drug release was determined by putting it in PBS (pH 7.4). The release of TAA was determined at different time intervals by UV spectroscopy. The TAA drug release profiles from the PAA hydrogel were investigated as shown in Figure 5 . The drug was constantly released from the PAA hydrogel and could reach 90% at about 300 min in PBS. However, the release content was comparatively high at up to 60 min and then increased slightly. The probable reason for the TAA drug release from PAA hydrogel is that TAA is released by diffusion through the three-dimensional network structure of the PAA hydrogel, resulting in the initial burst [16, 18] . 
Conclusions
This paper describes a bioadhesive drug delivery system to be administered by adhering to the wet mucosa surface of a mucosa membrane. In this experiment, PAA was selected to prepare the bioadhesive specimen adhering to mucosal surfaces using a radiation process. An aqueous PAA solution was easily crosslinked by electron beam radiation. It was shown that poly(acrylic acid)-based drug carriers were successfully prepared for use in a bioadhesive drug delivery system. 
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